Abstract: Information on the ecological functions of forests is important for sustainable forest management. In this study, we introduced the national monitoring program which has been used in China to evaluate the overall health status and ecological functions of forests. We also compared it to similar monitoring programs operating in Europe and the United States of America. We revealed the strength and drawbacks of China's monitoring program by analyzing the initial evaluation results. Our analysis showed that among the three programs, the European program gives the most detailed measurements of conditions of forests while the U.S. program generates the most detailed information on individual trees. In comparison, China's monitoring program has a higher spatial resolution but is narrowly focused on trees and uses coarse classifications of indicators. The health status of forests in China suggested that more resources should be invested to improve the health of existing forests, especially plantations. The limitations in China's monitoring program need to be addressed to improve the accuracy of future assessments.
Introduction
Forests can provide a multitude of ecological functions, many of which have long been valued by human beings, such as the supply of natural resource products, purification of water and air, and provision of wildlife habitats [1] . At a time of rapid climate change, functions such as carbon storage and sequestration are of increasing importance [2] [3] [4] . Planting and conserving forests are listed as major mitigation measures in the Kyoto Protocol and the Cancun Agreements [5, 6] . The loss of healthy forests degrades these key ecological functions [7] . Therefore, one important goal of forest management is to maintain the health of forests thereby ensuring a sustainable supply of these ecological functions. As the first step, the status of the forest ecosystems must be monitored and assessed regularly. Obtained information forms the basis for designing forestry policies and programs that maintain and enhance the ecological functions of forests. The information is also needed by the responsible agencies to evaluate management effectiveness.
The statuses of forest ecosystems at or above the national level have been assessed as one-time survey programs [8] , dedicated monitoring programs [9] , or as a part of the national forest inventory programs [10] . For one-time survey programs, snapshots of forest ecosystems can be captured and the information can serve as the reference point for future investigations. The comprehensive monitoring program conducted in Panama is a good example. It provided baseline information about the forest ecosystem in the Panama Canal area when the management rights were transferred [8] . Compared to a one-time survey, dedicated monitoring programs and incorporation with the national forest inventories are more desirable as changes in forest ecosystems can be tracked over time. In Europe, the status of forest ecosystems in 42 countries has been assessed annually through the collaboration between the European Union and the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (EU/ICP Forests) since 1985 [11] . The United States started Forest Health Monitoring (FHM) programs in 1990 to generate periodic reports on forest health status and trends [12] . The FHM program was integrated with the Forest Inventory and Analysis (FIA) program in 1999 [10] . Australia and Canada have also set up long-term monitoring programs [13, 14] .
The State Forestry Administration of China (SFA) established China's national forest inventory system in 1973 and conducts an inventory every five years. Eight inventories have been completed to date. Information gathered in the first six inventories was largely aimed at managing the production of timber and other non-timber forest products [15] . Forest management in China has converted from timber-centered only to focus on both wood production and ecological functions at the beginning of the 21st century [16] . As a result, major changes were made in the seventh national forest inventory, conducted between 2004 and 2009, by adding components that monitored the health status and ecological functions of forest ecosystems [17] .
So far, the SFA has released limited information to the general public on the health status and functions of forest ecosystems in China assessed in the seventh and the eighth national forest inventories. Except for announcing estimates of the average health status and ecological functions at the national level, the SFA does not make the protocol used by the agency to conduct the assessment available to people outside of the agency. There are questions on how to interpret the results. How are the status and functions of forest ecosystems monitored? What are the limitations of the monitoring program? What can the forestry management department learn from the results? To the authors' knowledge, no study has been conducted to address these questions until now. Without a clear understanding of the protocol, it is difficult for researchers and policy makers worldwide to use this valuable information and to be fully informed of the status of the fifth largest forest area in the world.
In this study, we analyzed the monitoring program in China and compared it to other existing programs worldwide. Major objectives of the study included: (1) to provide an overview of China's monitoring program; (2) to compare it to similar programs in Europe and the USA; (3) to analyze the strength and limitations of the current monitoring program and suggest improvements; and (4) to analyze the implication of the monitoring results to the forest management in China. The results of this study are not only useful for improving the evaluation and management of forest ecosystems in China but will also provide valuable information to other countries who want to implement similar forest monitoring programs.
Materials and Methods

Design of the National Forest Inventory
The national forest inventory was designed to cover the entire land area of China except for Hong Kong, Macao, and Taiwan. The inventory system follows a systematic sampling approach. Sample plots, including permanent ground plots and remote sensing interpretation plots, are located on 1-km grid cells. The usual size of the plots is 0.067 hectares but vary from 0.04 to 0.08 hectares in different provinces [15] . Different provinces have different number of permanent ground plots (e.g., 9076 plots on a 4 by 8 km grid in Heilongjiang Province, 12,936 plots on a 2 by 2 km grid in Ningxia Autonomous Region), which are decided by the total area of forest lands and the allowed sampling errors in each province [18] . The shapes of the permanent plots are square or rectangular [19] . The remote sensing interpretation plots are located on a 2 by 2 km grid throughout the country. The size of remote sensing interpretation plot is 90 by 90 m. In total, 41.5 × 10 4 permanent ground plots and 284.44 × 10 4 remote sensing interpretation plots are sampled throughout the nation. At each permanent ground plot, procedures listed in an internal publication, Technical Guide on National Forest Resource Inventory [20] , are followed to collect information on trees and their growing environment. About 80 variables are collected from the permanent sample plot. Indicators used to assess the status of forest ecosystems are extracted from those variables. The quality of the data is checked by an independent team by randomly resampling 5% of all sample plots in the province. At each remote sensing interpretation plot, the land use types are interpreted visually by two technicians back-to-back from the Landsat image covering the plot. A rate of 90% of agreement between the two technicians is considered acceptable. Besides, 5% of remote sensing interpretation plots are randomly selected and the ground truth data for these plots are collected to derive the accuracy of interpretation in a province. At the national level, the SAF randomly inspects 1.5% of permanent ground plots and 2% of remote sensing interpretation plots after receiving the inventory data from each province and requires sample errors for collected variables to be lower than predefined thresholds [20] .
Protocol for Monitoring Forest Health
The SFA protocol evaluates two composite indicators: health status of forests, and the ecological function index (EFI). The health status of forest ecosystems is estimated by grading the growth and development of trees, crown conditions, and forest health hazards (Table 1) . The forest health hazard rating assigned to the forest is based on the types of health hazards and their impacts on standing trees (Table 2) . The percentages of forest areas in different health classes in a province are extrapolated linearly from the evaluation results of permanent ground plots surveyed in that province.
The EFI is estimated from eight attributes to indicate the ecological functions of forests in ground plots. All these attributes are commonly measured in forest monitoring programs except for naturalness. Naturalness here is defined as how close the current state of a forest ecosystem is to its expected natural state [21] .
Grades are assigned to eight attributes of the forest stands ( Table 3 ). The composite index is then derived from weighted grades by using an additive aggregation method. A grade of ecological functions is calculated as:
where Xi is the grade of an indicator, Wi is the weight for that indicator. The ecological function index K is calculated as the inversion of Y.
K has a value of ≤1. The larger the K the better the ecological function of a forest is. Degree of naturalness is determined by using the indicators listed in Table 4 . The community structure of a forest stand is classified into three categories using the criteria listed in Table 5 . The species composition is evaluated and placed into one of seven categories using the indicators and criteria listed in Table 6 . Table 4 . Criteria for judging degrees of naturalness for forests in China [20] .
Degree of Naturalness Indicators
1 Primeval forests or forests with minimum anthropogenic influences 2 Natural forests with obvious anthropogenic influences or secondary forests at late stages of succession; majority of species adapt well to the regional climate and climax tree species are existing 3 Secondary forests with strong anthropogenic impacts, at the late stage of secondary succession; except for pioneer tree species, occasionally climax tree species can be found 4
Secondary forests with very strong anthropogenic impacts, at stages of retrogressive succession 5 Very strong and consistent anthropogenic impacts; forest cover is minimum, at late stages of reverse succession, include all plantations Table 5 . Criteria for classifying the vertical structure of a forest stand to the different categories [20] .
Categories Criteria Code
Intact With tree layer, understory, and ground cover(include herbaceous plants, mosses, and lichens) 1 Close to intact
With tree layer and one other layer 2 Simple
With only tree layer 3 Table 6 . Criteria for assigning the species composition of a forest stand to the different categories [20] .
Categories Indicators
C1
Single-species conifer monoculture forests (A single conifer species contributes to ≥90% of the growing stock of the stand) C2 Single-species broadleaf monoculture forests (A single broadleaf species contributes to ≥90% of the growing stock of the stand)
C3
Conifer monoculture forests (A single conifer species contributes to 65%-90% of the growing stock of the stand)
C4
Broadleaf monoculture forests (A single broadleaf species contributes to 65%-90% of the growing stock of the stand) C5
Mixed conifer forests (Conifer species contribute to ≥65% of the growing stock of the stand)
C6
Mixed conifer-broadleaf forests (conifer or broadleaf species contribute to 35%-65% of the growing stock of the stand) C7
Mixed broadleaf forests(Broadleaf species contribute to ≥65% of the growing stock of the stand)
The values of the EFI of ground plots in a province are averaged to give the value of the index at a province scale.
Analysis of the Initial Assessment Results and Comparison with Other Monitoring Systems
We use the assessment results from the seventh national forest inventory to explore the major factors that affect the estimated health status and ecological conditions of forests at the provincial levels. The main factors examined include forest cover rates, origins of the forests, and ages of the forests. We analyze the correlation between those factors and the health status qualitatively. We then use a backward regression model to analyze their relationships with the reported values of ecological function indices.
All data analysis in this study was implemented using R statistical software (version 3.1.0) R Development Core Team, Vienna, Austria.
Finally, we compare the indicators and their investigation methods used in China, Europe and the USA.
Results
Overall Health Status and Ecological Condition of Forests in China
Results from the two recent national forest inventories showed that the most of the forests in China were healthy. In 2009, 72.3% of China's forest areas were classified as "Healthy", 21.4% as "Sub-healthy" class, 4.7% as "Moderately healthy" and 1.5% as "Unhealthy". In 2014, forests classified as "Healthy" increased to 75% while 18% of forest areas were classified as "Sub-healthy" class, 5% as "Moderately healthy", and 2% as "Unhealthy". Forests with different origins and ages have different percentages of healthy forests (Table 7) . The average EFI for forests was 0.50 and 0.55 in 2009 and 2014, respectively.
Factors Affecting the Estimated Values of Health Status and EFI
The health status of forest ecosystems in 2009 was further examined by using origins, age groups, and provinces as grouping factors. Overall, forests with natural origins, including primitive forests and natural secondary forests, had similar distribution of forests in different health conditions as those in plantations (Table 7) . However, there were differences between the natural forests and plantations when the age groups of forests were considered. Age groups were designated by looking at forest uses and dominant species [22] . Forests that are used for producing timbers are considered as mature when dominant species produce the maximum amount of timber or have maximum economic value. Forests that are used for producing ecosystem services are considered as mature when dominant species reach their natural mature ages. The results showed that a high percentage of natural forests were still healthy when they reached the overmature stage while plantations had relatively low percentages of forests in the "Healthy" class at mature and overmature stages.
Ningxia Autonomous Region had the highest percentage of "Unhealthy" forests-4.3% of its forest areas-of all the provinces. Shanghai had the highest percentage of "Healthy" forests at 97.6%. However, as all the forests in Shanghai were plantations, it should be treated as an exceptional case. Hainan Province, Guangdong Province and Xizang Autonomous Region (Xizang) had the highest percentages of forests in the "Healthy" category when Shanghai was excluded (Figure 1) . The ratios of different health classes in natural forests were similar to those of plantations (Figure 2 ). Among the 28 provinces, Hainan Province had the highest percentage of "Healthy" natural forests at 96.5%. Xizang had the highest percentage of "Healthy" plantations at 100%. The backward regression analysis identified three significant variables: the forest cover rate of the province, the percentage of matured natural forests, and the percentage of overmature natural forests. Provinces with higher forest cover rates tended to have higher EFI (coefficient = 0.001, p-value < 0.01). Also, provinces with higher percentages of matured natural forests tended to have higher values of EFI (coefficient = 1.215, p-value < 0.01). However, provinces with higher percentages of overmature natural forests tended to have lower values of EFI (coefficient = −0.643, p-value < 0.01). For example, the percentage of matured natural forests was 38.1% in Xizang, which was the highest among all provinces. The region also had the highest value of EFI. The percentage of matured natural forests in Shanghai was 0 and it had the lowest value of EFI among all provinces. The adjusted R 2 for the overall fit was 0.828, which indicated that the three variables explained a large portion of variation in the values of EFI.
Comparison with the EU and USA Programs
The EU/ICP Forest program monitors crown condition and forest damage in 7000 level I plots and around 15 indicators in 500 level II plots in 2012 [11] . The FHM program plans to monitor six forest health indicators in about 8000 permanent forest plots distributed in 50 states [10, 23] . Some key ecosystem processes, such as nutrient cycling, will be continuously measured in 21 ecosystem index sites across the USA [24] . Among the three programs, the EU/ICP Forest program monitors more site factors than other two programs (Table 8) . Besides the difference in types of monitored factors, the methods used to obtained factors common in all programs differed significantly in the degree of details. For example, the crown condition is a factor monitored in all three programs. The EU/ICP Forests program and FHM program both have detailed instruction on how to measure this factor while the SFA program has the most coarse evaluation procedure (Table 9 ). 
Discussion
The Strength and Limitations of China's Monitoring Program
The comparison of three monitoring systems shows that the SFA program has some unique features. First, it has a higher spatial resolution than other two programs. The SFA program is based on data collected from 41.5 × 10 4 ground plots every five years. The size of monitored plots was 28 times and 52 times of those monitored by EU/ICP Forests program and FHM program, respectively. Secondly, the SFA is the only program which regularly assesses ecological functions of forests at a national scale. Lastly, all the indicators used in the SFA assessment protocols are visually assessed and collected along with the national forest inventory. This practice significantly reduced costs and time. The higher spatial resolution resulted from the SFA program is necessary for China because China's forests are more fragmented and varied than forests in the USA [27] . Nevertheless, compared with the EU/ICP Forests and FHM protocols on monitoring forest health, the SFA protocol has some obvious limitations. Of the three systems, the EU/ICP Forest program gives the most detailed measurements of these conditions by including indicators of soil and atmospheric environments. The FHM method does not measure the atmospheric system directly but the changes in the lichen community serve as an indirect measurement of air quality [24] . The SFA protocol focuses primarily on the conditions of trees which prevents it from providing a comprehensive assessment of the health of the forest ecosystem. Another limitation of the SFA protocol is the coarse classification of indicators. This can be illustrated using crown conditions as an example since this indicator is used in all three systems. The FHM method and The EU/ICP Forests method gave more detailed description of tree crown conditions than the SFA protocol does [25, 26] . The SFA protocol does not have detailed instructions which allow varied interpretations and a high degree of subjectivity. Finally, in order to ensure the reliability of data, calibration and quality test of the monitoring program must be in place. EU/ICP Forests and FHM have devoted great efforts in these aspects [28] [29] [30] while the SFA protocol still needs to develop a more detailed procedure for calibration and quality testing.
The functional traits of the forest can be used to represent the status of the forest ecological functions as long as they are proven to affect ecosystem processes and functions [31] . Among the eight attributes that the SFA used for constructing the EFI, the indicative value of growing stock volume, species composition, average tree heights, vertical structure, canopy density and the thickness of litters are well understood [32] [33] [34] [35] [36] . The indicative value of total vegetation cover and naturalness is less clear because their relationships with ecological functions have not been widely studied [31, 37] .
The method used to calculate the composite indicator also has a strong influence on the soundness of the indicators. Grading criteria (Table 3) for the eight indicators were developed based on the result of the sixth national forest inventory. The use of national averaged values in SFA method neglects the natural variances in different forest types and regions. For example, structural attributes must be scored relative to the range of values occurring in a comparable vegetation community [33] . Besides, the grading criteria developed for assessing many attributes are too vague. For example, the criterion for healthy tree growth is that trees grow well. Although all field crews must receive training on how to grade the attributes and pass an exam before the survey, this vagueness still unavoidably leads to subjective judgments. The coarse and subjective grading criteria could have contributed to the "Fair" grade given to the majority of provinces. Weights for attributes were arbitrarily assigned based on the subjective judgments of the experts who designed this protocol. A more suitable way is to assign the weights through a sensitivity analysis [38] .
These limitations should be addressed by revising the SFA method. There should be attributes of soils' health. Detailed field guides for collecting each attribute should be standardized. Visual assessment methods and quality control programs for field investigations and post-processing work should be developed. The method used for estimating EFI needs to be reworked. Attributes with unclear or subjective indicative value, such as naturalness, should be dropped or measured using a carefully redesigned quantitative method similar to that of McRoberts et al. (2012) . The qualitative attribute of species composition should be replaced by quantifiable variables such as species richness and species diversity. Correlation analysis should be conducted to determine the correlations among different attributes [39] . Criteria which are specific for different forest types or geographic regions should be developed to grade each indicator. The weighting system for attributes needs to be decided more objectively through sensitive analysis.
Health Status and Ecological Functions of Forests in China
China's forest cover has experienced a rapid growth in the past two decades due to large-scale afforestation efforts-an average of 2 million ha year −1 in the 1990s and 3 million ha year −1 since 2000 [40] . The rapid expansion of forest covers in China has generated concerns about the ecological integrity of the created forest ecosystems [41] [42] [43] . The study provided information to address those concerns through linking the evaluation results to the growth characteristics of forests in China.
With the majority of forests classified as "Healthy", the general condition of China's forest ecosystems could be considered acceptable. However, the variations in health status of forest ecosystems among different groups and regions revealed potential problems. Natural forests consistently scored higher in health conditions than plantations, except for young plantations. Young plantations had better health because of the three-to five-year care after planting mandated by the government [44] . After the first three or five years, infrequent and poor maintenance practiced in most plantations contributed to their low grades in health conditions. Another factor is the common practice of using fast-growing monoculture in plantations which makes them more vulnerable to biotic and abiotic stresses than natural forests [45, 46] . Plantations in Inner Mongolia and Ningxia were graded low in health conditions. A large number of plantations in those two provinces have been planted in arid regions and regions with high degrees of desertification. Two questions have been raised as the results of these observations. First, should fast-growing tree species be used in afforestation in these regions? Second, should those regions be afforested at all [42, 47, 48] ? While this study did not allow for detailed analysis of the suitability of these regions, it did show that plantations in these regions were not in good health.
It was found that only 1.5% of forests were classified as "Unhealthy". However, a notable 26.1% of China's forests were classified as "Sub-healthy" and "Moderately healthy". Forests in these two categories have been damaged by forest health hazards, including pests and diseases, forest fires, and extreme weather events. Pests and diseases killed 40 million forest trees in China annually between 2006 and 2010 and caused direct economic losses of RMB 110 billion [49] . Forest fires damaged 6.5% of forests in China annually [50] . There has also been an increase in extreme weather events, such as snowstorms and droughts [51, 52] . Forestry management agencies must develop effective prevention and damage-control programs in order to prevent the further degradation of affected forests and to improve the overall health conditions of China's forest ecosystems.
Given the average EFI of 0.5-0.55, and the fact that most provinces had a rating of "Fair", it can be concluded that forest ecosystems in China were not optimally structured for supplying ecological functions. In general, mature forests provide more ecological functions than young forests of the same origin because of the higher structural complexity [53] . Natural forests tend to have better ecological functions than plantations due to higher species diversity and more complex structures [35] . The national inventory showed that 12 out of 31 provinces had more than 50% young forests. Plantations accounted for more than 50% of the total forest areas in eight provinces. Other factors such as lack of science-based management practices also contributed to the low EFI values [54] .
Implications for Forest Management in China
The monitoring results provide important information for China's forestry policy makers and management agencies. First, in order to improve the health and ecological functions of China's forests, a balance must be achieved between planting new forests and after-planting care. Past forestry policies focused too heavily on adding new forests and neglected the importance of maintaining existing forests. For example, between 2004 and 2008, 99% of the central government's funds allocated to the forestry sector were invested in afforestation. In 2009 was the first time that China's central government specifically allocated funds for maintaining the forests, allocating 500 million RMB (80 million USD). While this seems to be a significant amount, the number is negligible when compared to the investment in afforestation at the same time, which was 70 billion RMB (11 billion USD) [55] . More resources should be invested in maintaining forests in China to improve their health and ecological functions.
Secondly, the fact that the health status of plantations decline as they mature should be of great concern. China has the largest area of plantations in the world. In 2010, the total area of plantations reached 62 million ha, 37% of the total forest areas [40] . The government considers plantations an important means for solving the timber shortage problem and reducing the country's reliance on imported timber [56] . The poor health condition of plantations is a serious problem as it lowers the yield and quality of timber. The result of the seventh national survey showed that the average growing stock of plantations in China was 34.76 m 3 ha −1 . The number was only one third of the average growing stock reported for commercial species in Europe [57] . Obviously, many management measures need to be implemented to improve the productivity of the plantations. The current policies aimed at preserving natural forests should be not only sustained but strengthened. Faced with the drastic degradation of forests caused by excessive logging, China announced a series of policies at the end of the 20th century to protect natural forests. The most important policy is the National Forest Conservation Project, implemented in 1998, which enforces a logging ban on natural forests located in ecologically sensitive areas [58] . A classification-based management system was also set up to manage forests separately for timber production or for ecosystem services, depending on their classifications as commercial forests or ecological forests [16] . This study showed that the policies should be effective. Provinces with more natural forests scored higher in EFI. Natural forests, in general, had better health than plantations. However, practices such as cutting down natural forests to make room for high-value rubber and eucalyptus plantations still happened frequently in many regions [59, 60] . Considering the multiple ecological functions provided by natural forests, the central government should consider expanding the logging ban to more natural forests, especially those with high EFI value.
Conclusions
We analyzed the forest health monitoring program in China and the monitoring results in this study. Our results showed that China's monitoring program has its unique strength but also limitations. The initial monitoring results revealed a significant correlation between the health status and ecological functions of forests in a given province and the overall forest cover rate, origins of forests, and the ages of forests. Provinces with high percentages of matured natural forests tended to be healthier and have optimal ecological functions. Another important discovery was the negative correlation between health conditions of plantations and maturity; older plantations were less healthy.
The results of this study provide important information for China's forest management program. Investing more in maintaining existing forests, improving the health of plantations, and preserving natural forests will improve the health and ecological functions of China's forest ecosystems. While the monitoring program in China contains unique features that are not present in other established programs, more studies need to be carried out to examine the selection of indicators and the methods used to construct the composite indexes. Finally, the current study only addressed the health and ecological functions of China's forest ecosystems at the province level and above because data from the local level are still not declassified for public use. More detailed analysis that relates the health and ecological functions of forests to local-scale variations in biotic and abiotic factors and management practices is needed for designing more specific and focused forest management programs. It is our hope that the SFA will make more data available in the future to allow for further studies.
